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Abstract 
Vortex tube refrigerator is a mechanical device with no moving parts that is capable of generating cold and hot gas 
flows from compressed gas. Experimental studies show that using divergent hot tube improves the cooling 
performance of vortex tube. In this study numerical investigation has been carried out to study the effect of using 
divergent tube and to find optimum angle of divergence. Energy separation effect inside the tube was modeled using 
standard k-ε model. The existence of heat and work transfer inside the tube was investigated using the present results. 
Numerical results indicate that an increase in divergent tube angle results in an increase in cooling performance of 
vortex tube. However, there is a critical divergence angle, so that further increase will lead to reduction in cooling 
performance of the device. 
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1. Main text  
The vortex tube refrigerator is a simple device with no moving parts that is capable of producing cold 
and hot gas flows from compressed gas. The device consists of a simple circular tube with one or more 
tangential nozzles and a cold-end orifice at one side and a hot outlet at another side. High pressure gas is 
injected into the vortex tube via the inlet nozzles and achieves high angular velocity. Part of the gas swirls 
to the hot outlet and exits but by adjusting a control valve downstream of the hot outlet, another part of 
the gas reverse and move from the hot-end to the cold end orifice (See Fig.1). 
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Fig. 1. Schematic diagram of a vortex tube refrigerator [1] 
 
The streams of gas leaving through the hot and cold outlets are at higher and lower total temperatures, 
compared to the inlet temperature. This effect is referred to as the temperature separation effect. This 
device was first discovered by Ranque [1] in 1933. 
Vortex tube refrigerator has numerous advantages compared to the normal commercial refrigeration 
devices such as: simplicity, the absence of moving parts (except the hot-end control valve), the absence of 
need for electricity or chemicals, low cost, durability, smallness and lightness of weight, and adjustability 
of temperature [2, 3]. Hence, it has found applications as an appropriate device for heating and cooling 
gases, drying gas [2], liquefying natural gas [4], separating particles in the waste gas industry [5], DNA 
amplification [6], and other purposes. 
Although vortex tube has a simple geometry, the temperature separation phenomenon is quite complex. 
Despite the various experimental, analytical, and numerical investigations that have been carried out on 
the vortex tube, the fundamental mechanism of the process is still unknown. 
Thus far, many investigations have been carried out to improve the cooling performance of vortex tube. 
Past studies show that using divergent hot tube instead of cylindrical one improves the cooling 
performance of vortex tube. Gulyaev et al. [7] employed a 2.3 degree divergent hot tube instead of 
cylindrical one and reported that its thermal efficiency and refrigeration capacity increased by 20- 25%. 
Takahama and Yokosawa [8] experimentally investigated the effect of using a divergent hot tube with the 
angle of 1.72 and 5.15 respectively, and observed that its performance increased when compared with the 
cylindrical one of the same length. Kung Chang et al. [9] studied the effect of divergent hot tube and 
reported that using divergent hot tube with the angle of 4 degree the cooling performance will become 
maximum and any decrease or increase in this critical angle results in decrease of the cooling 
performance of vortex tube. It should be pointed out that all studies regarding the effect of divergent hot 
tube used experiment and numerical investigation about this issue has not been reported.  
The objective of this study is to investigate the effect of using divergent hot tube on the cooling 
performance of vortex tube refrigerator. Numerical simulation was performed to find the optimum 
divergence angle to obtain the maximum cooling performance. 
2. CFD Model 
The two dimensional axis-symmetric swirl model of vortex tube shown in Figure 2 was developed 
using Fluent 6.3.26. In order to validate numerical solution, computation has been carried out for vortex 
tube with cylindrical hot tube (β=0) which was used by Skye et al. [10]. At the inlet a circumferential slot 
was assumed in place of the actual six inlet nozzles. Numerical simulations were performed for a constant 
mass flow-rate at the inlet (0.00835 kg/ s), which was measured by Skye et al. [10].  Simulations were 
conducted for different cold mass fractions by changing the hot end pressure. Gambit 2. 3. 16, was used 
to generate the grids. 
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Fig. 2. Schematic diagram of the geometry and dimensions of vortex tube used in this study 
 
Turbulence modeling plays an important role in the numerical simulation of vortex tube refrigerator. 
Previous studies indicate that the standard k-epsilon model predicts energy separation effect better than 
other two- equation turbulence models [11, 12]. Hence standards k-epsilon model was used to model 
turbulence effect.  Other RANS turbulence models such as the RSM solve additional equations when 
compared with the two-equation models, thus involving high computational cost.  Coupled procedure was 
used to simultaneously solve the momentum and energy equations. The numerical solution was 
determined by first adopting the first- order upwind scheme, and after appropriate convergence, the 
second-order upwind scheme was used to discretize the convective terms of the governing equations. 
 After validation, numerical solution was performed for vortex tubes with different divergent hot tubes 
to find the optimum divergence angle. 
3. Results and Discussion  
By drawing a comparison between the numerical results and the experimental data, it was observed 
that the numerical solution reasonably predicted the total temperatures at the cold and hot outlets (See Fig. 
3). Since the objective of this study is to investigate the cooling performance of the vortex tube 
refrigerator, the results for the hot outlet have not been reported for the sake of brevity. Comparison 
among the magnitude of the velocity components indicates that the magnitude of swirl velocity is the 
highest compared to the other components. According to the figure 4 the magnitude of swirl velocity 
decreases rapidly from the inlet to the hot outlet also it reveals that the swirl velocity increases in the 
radial direction, except at locations very close to the wall. Figure 5 depicts the distribution of the angular 
velocity. According to this figure, the angular velocity decreases in the radial direction, except at 
locations very close to the cold outlet. The distribution of the angular velocity indicates a transfer of shear 
work from the cold inner region to the hot peripheral region in the radial direction.   Figure 6 illustrates 
the radial distribution of static temperature at different sections of the tube. This figure shows a 
significant static temperature gradient near the inlet. The presence of a static temperature gradient can 
lead to heat transfer. According to this figures when we move away from the axis in the positive radial 
direction, the static temperature decreases. However, due to the no slip boundary condition at the wall 
static temperature dramatically increases in this region. 
In order to study the effect of using divergent hot tube, numerical simulation was carried out on the vortex 
tube refrigerators having different divergence angles. All parameters, except the angle of divergence were 
kept constant, and numerical simulation was carried out for β = 2, 3, 4, 6 degree to predict the 
temperature drop at the cold outlet, which indicates the cooling performance of the vortex tube 
refrigerator.  
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Fig. 3. Comparison of present numerical results and                                    Fig. 4. Radial distribution of swirl velocity at different                                    
           published experimental and numerical results.                                              Sections of the tube. 
                                                                                                                          
                     
 
 
Fig. 5. Radial distribution of angular velocity at different sections of the tube and schematic diagram of work transfer between cold 
and hot region. 
 
 Fig. 6. Radial distribution of static temperature at different sections of the tube. 
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Figure 7 and 8 show the Contours of total temperature for two vortex tube refrigerators with cylindrical 
and divergent hot tubes at almost the same cold mass fractions. As seen in these figures temperature drop 
in vortex tube with cylindrical hot tube is less than vortex tube with divergent hot tube. Figure 9 shows 
the results of the numerical simulation for five vortex tubes with different divergence angle. This figure 
indicates that the performance of the vortex tube can be improved by using a divergent hot tube and there 
is an optimum divergence angle for obtaining the highest possible refrigeration performance such that, 
any increase or decrease in this ratio would result in a decrease in the temperature drop at the cold outlet. 
The numerical results indicate that the temperature drop is the highest in the vortex tube refrigerator 
having β= 2. According to this figure using divergent hot tube with angle of β= 6 degrades the cooling 
performance. Moreover, from these results it is obvious that using divergent hot tube plays more 
important role for cold mass fractions greater than 0.4 
  
 
Fig. 7. Contours of total temperature inside a vortex tube with cylindrical hot tube. 
 
 
Fig. 8.  Contours of total temperature inside a vortex tube with divergent hot tube (β=2). 
 
 Fig. 9. Influence of the angle of divergent hot tube on cooling performance of vortex tube refrigerator. 
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4. Conclusion  
In this study, numerical simulation was carried out to model energy separation phenomenon in a vortex 
tube refrigerator. Comparison between numerical results and published experimental data indicates that 
numerical solution is capable of predicting energy separation effect. 
According to the present numerical results the magnitude of the swirl velocity is higher than axial and 
radial velocities. The distribution of angular velocity in radial direction indicates the transfer of shear 
work from the cold inner region to the hot peripheral region, except at locations very close to the inlet. 
The existence of heat transfer between the cold inner region and the hot peripheral region was confirmed.  
The numerical simulation indicates that the performance of the vortex tube refrigerator can be improved 
by using a divergent hot tube. Present results indicate that an increase in divergent tube angle results in an 
increase in cooling performance of vortex tube. However, there is a critical angle, so that further increase 
will lead to the reduction in cooling performance of the device. It was observed that temperature drop is 
the highest in the vortex tube refrigerator having β= 2. 
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